The linkage between the genome-linked protein VPg and the RNAs of cowpea mosaic virus has been analysed. The bond between VPg and the RNA chains was found to be resistant to mild acidic hydrolysis but sensitive to alkaline treatment. Hydrolysis of isolated VPg-phosphate with 5.6 M-HC1 at 110 °C yielded phosphoserine as the sole phosphorylated amino acid. The data obtained show that VPg is linked to the Y-terminal uridine of the genomic RNAs by the fl-OH group of the serine located at the amino-terminal end of the protein.
INTRODUCTION
The genome of cowpea mosaic virus (CPMV) consists of two separately encapsidated, positive-sense RNA molecules, denoted B-and M-RNA. Both the large B-RNA (5889 nucleotides long) and the smaller M-RNA (3481 nucleotides) are translated into large primary translation products (polyproteins) from which the functional proteins are generated by proteolytic cleavages (for a recent review, see Goldbach & Van Kammen, 1985) . The two genomic RNAs are characterized by a Y-terminal poly(A) tail and a small protein, denoted VPg, covalently attached to the Y-terminal pU of each RNA chain (Stanley et al., 1978 : Daubert et al., 1978 Stanley & Van Kammen, 1979) .
VPg has been shown to be encoded by B-RNA (Stanley et al., 1980; Zabel et al., 1982) , and mapping of its sequence on the open reading frame of B-RNA has revealed that it comprises 28 amino acid residues (Zabel et al., 1984; Wellink et al., 1986) . Its immediate precursor is probably a membrane-bound Mr 60 000 (60K) protein . Although the functions of a number of non-structural proteins of CPMV have been established, the function(s) of VPg are not known. For picornaviruses, to which CPMV may be related evolutionarily (Franssen et al., 1984; Argos et al., 1984) , it has been suggested that VPg is involved in RNA replication either as a primer (Wimmer, 1982; Crawford & Baltimore, 1983; Takegami et al., 1983; Morrow & Dasgupta, 1983) , or alternatively by acting as a nuclease during hairpin-primed RNA synthesis (Young et al., 1985; Andrews & Baltimore, 1986) . Definitive proof for either of these models, however, has not yet been obtained.
For analysis of the function(s) of VPg it will be of great help to know the chemical nature of the bond linking VPg to the RNA. For poliovirus (Rothberg et al., 1978; Ambros & Baltimore, 1978) and encephalomyocarditis virus (EMC) (Vartapetian et al., 1980) , VPg has been shown to be genome-linked via the OH group of the tyrosine residue found at position 3 in all picornavirus VPgs studied so far. Although VPg of CPMV contains two tyrosine residues, they seem not to be involved in the linkage as they can both be labelled with 125I by the chloramine-T procedure (Zabel et al., 1984) . In this paper we demonstrate that CPMV VPg is attached to the genomic RNAs via a phosphodiester bond between the OH group of a serine residue and the Y-terminal uridylyl residue.
in 10 mM-Tris-HC1, 100 mM-NaC1, 1 mM-EDTA pH 7.3, containing 2~ SDS (Zimmern, 1975) and subsequent phenol/chloroform extractions. The RNA was recovered by ethanol precipitation.
Radiochemical labelling and isolation of total RNA from infected cowpea protoplasts. Cowpea mesophyll protoplasts were prepared, inoculated with CPMV and incubated in culture medium as described previously (Hibi et al., 1975; Rezelman et al., 1980) . The protoplasts were collected 16 h after inoculation and resuspended at 106 per ml in phosphate-deficient medium (Rottier et al., 1979) containing 15 l.tg/ml of actinomycin D. After 1 h of incubation in this medium the cells were labelled for 5 to 6 h by the addition of 32p~ (final concentration 1 mCi/ml). At the end of the incubation period, protoplasts were collected by centrifugation and stored for 18 h at -20 °C.
For extraction of RNA, the frozen protoplasts were resuspended in 100 mM-Tris-HCl, 10 mM-EDTA pH 7.5. Total RNA was purified by phenol/chloroform extraction and ethanol precipitation. The 32p-labelled RNA species were denatured with formaldehyde and analysed by electrophoresis in 1-5 ~ agarose gels (Lehrach et al., 1977) .
Radioiodination ofCPMV VPg. VPg linked to virion RNA was ~ zSl-labelled at its two tyrosine residues (Zabel et al., 1984) by the solid-phase oxidant N-chlorobenzene sulphonamide (Iodobeads; Pierce Chemical, Rockford, I11., U.S.A.) (Markwell, 1982) . For this purpose purified viral RNA (25 lag) was dissolved in 0.1 ml 140 mM-NaC1, 3 mM-KCI, 8 mM-Na2HPO,, 1-5 mM-KH2PO~ pH 7.2 (PBS) containing 0-5~o SDS and incubated for 20 rain at 20 °C with 0.1 mCi of carrier-free 125INa (100 mCi/ml; New England Nuclear) in the presence of one Iodobead, previously washed three times with PBS. Iodinated products were then transferred to a second tube and the Iodobead was washed twice with 0-1 ml PBS. Labelled RNA was recovered by ethanol precipitation in the presence of carrier iodide (final concentration 10 mM-~-'*INa).
Purification of VPg-T1, VPg-pUp and VPg-p.
To obtain VPg derivatives labelled in their protein moiety, 1251-labelled CPMV RNA was digested with ribonuclease T1 or with a mixture of ribonucleases TI and A in 10 muTris-HC1, 1 mM-EDTA pH 7-5 for 2 h at 37 °C. Digestion with T1 yielded VPg linked to a 17 nucleotide fragment (VPg-T1) and digestion with both nucleases T1 and A yielded VPg-pUp. To obtain VPg-p, VPg-pUp was further digested with micrococcal nuclease in 20 mM-glycine pH 9, 10 mM-CaCI 2 for 2 h at 37 °C.
To obtain VPg derivatives labelled in their RNA moiety, 3zp-labelled RNA from CPMV-infected protoplasts was digested with a mixture of nucleases T1 and A under the same conditions as above. The digest was extracted three times with phenol/chloroform (! :1, v/v) and the combined organic phases plus interphases were extracted four times with 2 vol. 20 mM-Tris-HC1 pH 7.5, 2 mM-EDTA to remove contaminating ribonucleotides. VPg-pUp was recovered from the organic phase and interphase by acetone precipitation in the presence of 20 ~tg/ml bovine serum albumin as a carrier. The pellet was dried and dissolved in 50 mM-Tris-HC1 pH 7-5, 100 mM-NaC1, 1 mM-EDTA plus 0.5~ SDS and chromatographed through a Sephadex G-25 column (1 × 10 cm). VPg-pUp, which eluted in the void volume, was precipitated with 10 vol. acetone (Ambros & Baltimore, 1978) .
Immunoprecipitations. Immunoprecipitations were carried out as previously described (Franssen et at., 1982) .
Immunoprecipitates and ~zSI-labelled markers were analysed by SDS-PAGE (15~ acrylamide, 0.086~ bisacrylamide) using the buffer system of Laemmli (1970) .
Acid hydrolysis and thin layer electrophoresis. Acid hydrolysis of 32p-labelled VPg-p, prepared by micrococcal nuclease digestion of 32p-labelled VPg-pUp, was by incubation in sealed glass ampoules under nitrogen for 3 h in 5.6 M-HC1 at 110 °C, in the presence of 50 lag of unlabelled serine phosphate carrier. The hydrolysate was diluted 10-fold, lyophilized, resuspended in 20 ~1 of H,O and spotted onto a cellulose thin layer plate (12 × 12 cm) (Polygram cell 400, Macherey-Nagel). After electrophoresis in 5~ acetic acid, 0.5~ pyridine pH 3.5 at 400 V for 1-15 h (Crawford & Baltimore, 1983) , followed by chromatography in isopropanol/HCl/H20 (70:15:15, v/v/v) (Rothberg et at., 1978) , the radiolabelled phosphoamino acids were detected by autoradiography. Unlabelled phosphoamino acids (threonine phosphate and serine phosphate, Sigma; tyrosine phosphate, a kind gift from Dr G. I. Tesser), included as standards, were detected by staining with ninhydrin. VPg-pUp and VPg-p Analysis of RNA from CPMV-infected protoplasts in a 1.5~ agarose gel showed that it contained, in addition to cytoplasmic and chloroplast rRNAs, substantial amounts of 32p_ labelled viral B-and M-RNA (Fig. 1) . The 32p-labelled RNAs were digested with ribonucleases T1 and A yielding VPg-pUp. This digest was subsequently extracted with phenol/chloroform to remove both azp-mononucleotides and oligonucleotides, including the poly(A) tails. By this Fig. 1 . In vivo labelling of CPMV RNAs. Protoplasts were infected with CPMV components in the presence of 32P i and 32p-labelled RNA was extracted, formaldehyde-denatured and electrophoresed in a 1.5 ~ agarose gel. In addition to the viral B-and M-RNA, cytoplasmic (cy) and chloroplast (ct) rRNAs are present. Fig. 2 . Immunoprecipitation of purified 3-'P-labelled VPg-pUp using anti-VPg serum as described by Franssen et al. (1982) . Lanes 1 and 2: immunoprecipitation with anti-VPg serum of 3~-P-labelled VPg-pUp prepared from viral RNA labelled in vivo and 125I-labelled VPg-pUp, respectively. Lane 3: immunoprecipitation of l-'5I-labelled VPg-pUp using anti-VPg serum preincubated with 100gg of synthetic VPg prior to the immunoprecipitation reaction. VPg was synthesized by the solid phase method (Barany & Merrifield, 1980) . rapid procedure a VPg-pUp preparation was obtained which was suitable for further treatments and analyses. VPg-p was prepared by further digestion of VPg-pUp with micrococcal nuclease. From R N A from 5 x 106 protoplasts, VPg-p preparations with a radioactivity of approximately 200 to 400 c.p.m. (Cerenkov counting) were obtained.
RESULTS

Preparation of a2p-/abe/led
To verify the identity of the labelled product thus obtained and to exclude the presence of other phosphorylated proteins which could possibly have contaminated the VPg preparation, immunoprecipitation tests with anti-VPg serum were carried out. Purified 32p-labelled VPgp U p and, as a control, lzSI-labelled VPg-pUp were incubated with anti-VPg serum and the precipitates were analysed in a 15 ~ SDS-polyacrylamide gel. Immunoprecipitated 3-,P_labelled VPg-pUp (lane 1) comigrated with 12 s I-labelled VPg-pUp (lane 2) but no other phosphorylated products could be detected (Fig. 2) . The specificity of the antiserum was confirmed by competing the immunoprecipitation of 125I-labelled VPg-pUp with unlabelled synthetic VPg.
In the presence of 100 ~tg of synthetic VPg (gift from Dr J. P. Briand), immunoprecipitation of 125I-labelled VPg-pUp was completely inhibited (lane 3). These results clearly confirmed that the 32p-labelled material purified from total RNA extracts of infected protoplasts represented VPg-pUp.
Identification of the nucleotidyl-amino acid bond
As an initial analysis of the protein-nucleic acid linkage, the stability of the bond under acidic and alkaline conditions was investigated using VPg-T1, 125I-labelled in its protein moiety. Although VPg-T1 remained stable in 0-1 M-HC1 for 1 h at 37 °C (conditions that hydrolyse phosphoamidate bonds; Daubert & Bruening, 1984) , free VPg but not VPg-p was produced by incubation in 0.1 M-NaOH for 2 b at 37 °C (conditions that hydrolyse phosphodiester bonds to serine and threonine but not to tyrosine residues; Daubert & Bruening, 1984) as determined by SDS-PAGE using 125I-labelled VPg-p as marker (data not shown). Because no threonine residues are present in CPMV VPg, this result suggested that VPg is genome-linked via a phosphodiester bond to the/~-OH group of a serine.
To substantiate this conclusion 32p-labelled VPg-p was acid-hydrolysed in the presence of unlabelled phosphoserine and the hydrolysate was analysed by two-dimensional thin layer chromatography. A single 32p-labelled compound was detected which comigrated with the unlabelled phosphoserine marker but no label was detected at the positions of phosphotyrosine or phosphothreonine (Fig. 3 ). This finding unequivocally shows that the phosphate at the 5' end of the viral RNAs is attached to the serine residue of VPg.
DISCUSSION
The data presented here define the precise chemical structure of the linkage between CPMV genomic RNA and VPg. The stability of the linkage to acid and alkaline treatments together with the detection of phosphoserine as the single phosphorylated amino acid residue in a hydrolysate of purified 32p-labelled VPg-p, unequivocally demonstrates that VPg is linked to the 5'-terminal uridylyl residue by a phosphodiester bond to the //-OH of serine. The primary Fig. 4 . Primary structure and properties of CPMV VPg. VPg is released from longer precursors by the 24K and 32K proteases at Gln/Ser and Gin/Met cleavage sites, respectively. Basic and acidic amino acid residues are indicated by + and -signs respectively. 631 structure of CPMV VPg reveals that the only serine present is the amino-terminal residue (Fig.  4) . CPMV is the first RNA virus for which the linkage between VPg and RNA has been shown to be UMP-serine. However, among DNA viruses with genome-linked proteins some examples are known where a serine residue is involved in a protein-nucleic acid linkage, e.g. bacteriophage ~b29 (serine dAMP) (Hermoso & Salas, 1980; Hermoso et al., 1985) and adenovirus (serine-dCMP) (Desiderio & Kelly, 1981) . For poliovirus and EMC, the only other RNA viruses for which the protein-nucleotidyl bond has been identified, VPg is linked to the genome by a tyrosine residue located at position 3 (Rothberg et al., 1978; Ambros & Baltimore, 1978; Vartapetian et al., 1980) . Since picornavirus VPgs show a significant degree of homology in their amino acid sequence including the tyrosine residue at position 3 (Zabel et al., 1984; Argos et al., 1984) , it is very likely that for all picornaviruses this tyrosine is involved in the protein-RNA linkage. It has also been reported that some homology exists between the VPgs of CPMV and picornaviruses (Zabel et al., 1984; Argos et al., 1984) . Moreover, since CPMV and picornaviruses have colinear genetic maps and similar translation strategies, and encode other (non-structural) proteins showing significant sequence homology (Franssen et al., 1984) , one might anticipate that the VPgs of these viruses have similar functions. Our finding that for both the picornaviruses and CPMV the linkage of VPg to the genome is achieved near (picornaviruses) or at (CPMV) the amino-terminal end is not contradictory with this idea. Furthermore, as free VPg has never been detected in CPMV-infected cells it is tempting to assume that the cleavage of VPg from its 60K precursor and the formation of the phosphodiester linkage to the RNA are interconnected since the amino-terminal serine is involved in both processes (Fig. 4) . Another striking feature of CPMV VPg is its significant positive charge (+5) (Fig. 4) . This charge might serve to facilitate interactions with the (negatively charged) RNA chain. Since the linkage occurs via the N-terminal residue, VPg may indeed be able to fold back on the RNA and may protect the 5' end of the viral genome against nuclease attack.
